Abstract-In this correspondence, a simple design method for multirate near perfect reconstruction (NPR) integer decimated filter bank with non-uniform frequency spacing and linear phase property, that involves optimization of only single parameter, is proposed. It is derived from the uniform cosine modulated filter bank (CMFB) by merging some relevant band pass filters. The design procedure and the structure of the uniform CMFB are mostly preserved in the non-uniform implementation. The parent filter of the filter bank is formulated as an interpolated finite impulse response (IFIR) filter. The IFIR digital filters permit efficient hardware implementations due to less number of multiplier coefficients. Design examples show that the proposed approach provides good performance with less computational complexity at the cost of slight increase in system delay.
Introduction
Multirate filter banks find wide applications in many areas of digital signal processing such as sub-band coding, transmultiplexer, image, video and audio compression, adaptive signal processing [1] [2] [3] . On the basis of time-frequency resolution, filter bank can be classified in two categories, which include, uniform and non-uniform filter bank. The uniform filter bank provides fixed and uniform time frequency decomposition [1] , whereas, in some applications like audio analysis and coding, broadband array signal processing non-uniform and variable time-frequency resolution may lead to better performance and reduced arithmetic complexity, which is provided by nonuniform filter bank (NUFB) [4] [5] [6] . Meaning thereby, efficient structure and design procedures for NUFB are highly desirable. Over the years, a number of design methods have been proposed by different authors [6] [7] [8] [9] [10] . Among these, only few of them possess linear phase (LP) property. The tree structure method [1] is an easy way to design LP-NUFB via cascading uniform filter bank. However, the limitation of decimation factors and the long system delay are two major drawbacks of this technique. The resulting filters tend to be long, since they are convolutions of the interpolated filters. Most of the available approaches [6] [7] [8] [9] [10] [11] [12] [13] for NUFBs use standard constrained or unconstrained optimization techniques to obtain the design, which tend to be computationally expensive, when high order filters are used. In wideband audio signal analysis and coding, filter banks with high stop band attenuation greater than 100 dB is required. Moreover, it is difficult to design NUFBs with high stop band attenuation and LP property. In [11] , a simple design method for NUFBs is proposed. It is based on the design of a uniform cosine modulated filter bank and is applicable only to non-uniform integer-decimated filter banks. Moreover, it still involves complicated nonlinear optimization with large number of parameters. In 2006, Zhong [21] has proposed new design method in NUFB. During 2007, Zing et al. [12] proposed interpolated FIR prototype filter to design the NUFB. A simple design approach for linear phase NUFB is presented here. The approach is based on the merging of uniform CMFBs therefore, the design of non uniform CMFB is also reduced to the design of the prototype filter. With this approach NUFBs with high stop band attenuation up to 110 dB can be easily designed. A single variable optimization is used to obtain minimum value of amplitude (E max ) and aliasing (E a ) distortions. This paper is organized as follows: The narrow band filter design technique is briefly reviewed in section 2. The design problem is stated in section 3 together with closed form expressions for analysis/synthesis filters in uniform/non uniform filter bank. In section 4, optimization algorithm is discussed. Section 5 provides some design simulations along with discussions. Finally in section 6 some concluding remarks are given. 
) has a periodic frequency response with period 2π / L is called the up sampled version of the model filter and G(z) is called the image suppressor filter designed to attenuate the extra unwanted pass bands of up sampled filter below the specified maximum stop band level. The overall realization is called interpolated finite impulse response filter. As outlined in [14] , the process of designing an IFIR filter, is as follows:
Select a suitable stretch factor L. Reduction in computation by IFIR method depends upon the L. As L increases the order of the model filter decreases. Consequently, a higher order image suppressor filter is needed to remove the unwanted replicas. The optimum value of L is given as [15] :
2.2) Design model filter F(z).Using the same specifications for pass band and stop band ripple as of FIR, a model filter is designed with pass band and stop band edge are: [1] . In this approach all the filters of analysis and synthesis section are obtained by cosine modulation of single linear phase prototype low pass filter which normally has linear phase and a finite length impulse response as shown in Fig. 1 The impulse responses of filters of analysis and synthesis sections for uniform CMFB are obtained from the closed form expressions as given by [1] : (
Construction of Non-uniform Filter Banks
In the M-channel uniform division filter banks, the basic frequency range -π ~ +π (rad/s) is divided into a number of bands with equal width of 2π /M. Here, M is the number of parallel filters and the independent number of pass bands on the basic frequency range. A real coefficients filter bank has a symmetric band with respect to the origin. Therefore, the positive frequency range is also divided into M components of equal bandwidth and decimation is done by the maximum factor of M. In non-uniform case, basic frequency range is divided into a number of non-uniform bands and the value of decimation factors are not the same. In the case concept of cosine modulating low pass filters is applied [11, 12, 13] . After designing the required uniform CMFB, the corresponding NUFB is obtained by merging the relevant band pass filters of analysis and synthesis section of the uniform filter bank as described below [11] . 
where 
Then, the bandwidth of the analysis filters becomes
It may be noted that n 0 = 0< n 1 < n 2 < ….<n M = M , and l 0 +l 1 +l 2 +……+l M -1 = M . Fig. 2 shows the resulting overall structure of the M -channel nonuniform CMFB. And, we have a restriction on the center frequency. An integer p must satisfy
Where p = 1 ~ M i -2. The change of parameter p indicates the possible equal space shift of the center frequency of the band width of which is 2π / M i . The occurrence of large aliasing caused by the existence of the positive and negative frequency components will be avoided by the above condition. The design procedure for a non-uniform filter bank with integer decimation factors is as follows: 1) Obtain M , which is the lcm of decimation factors.
2) Design a cosine modulated NPR M-channel uniform filter bank according to (4).
3) Merge the relevant band pass filters of the uniform section to obtain the analysis and synthesis filters ( ) i H z and ( ) i F z of the non-uniform bank according to (7) (8) . 4) If the set of given integer decimation factors make a feasible partition, do not make any changes to the structure.
5)
If the set represents non-feasible partition, the structure as given in [11] should be used to implement the same. The modified structure shifts the frequency band of such a channel to a suitable band
Optimization technique
In NPR, perfect reconstruction condition is relaxed by allowing a small amount of distortion. 
Design examples
In this section, 5-channel and 3-channel NUFBs are designed and the performance of proposed technique is compared with the earlier reported work [5, 11, 12, 20] . 
5.1.
This example is quoted to compare the performance with recent work of Zing et al. [12] . In the work of [12] , 5-channel NUFB with integer decimation factors (4, 4, 8, 8, 4 ) is designed using IFIR based prototype filter. In this example, 5-band NUFB is designed with the same specifications as in [12] : Stop band attenuation A s =110dB. The band edge frequencies are: 2 2 π ω = , 3 5 8 π ω = , 4 3 4 π ω = . In this case, n 0 = 0. n 1 = 2, n 2 = 4, n 3 = 5, n 4 = 6, n 5 = 8; and l 0 = 2, 2, 1, l 3 = 1, 2. The obtained overall filter length in this case is 103 with L=2. The magnitude responses of prototype filter bank and distortion parameter are shown in Fig. (3-6) . The obtained value of peak deviation from unity of the distortion parameter is 0.0059 dB and aliasing distortion is 3.93x10 -11 as shown in Table 1 , where performance is compared with latest work of [12] . . The magnitude responses of the optimized prototype filter, the corresponding analysis filters of the NUFB, optimized value of amplitude distortion function are plotted in Fig. (7-9) . It is observed that for the designed filter bank maximum amplitude distortion is E max = 3.77x10 -3 and aliasing distortion is E aa = 1.14x10 -11 . Table 2 provides a performance comparison between the proposed method and the methods in [5] , [11] , [20] . It is quite oblivious that proposed method offers much better performance than the method in [5] and [11] . As compared to the method [20], our performance is very much comparable. Compared to all, proposed design is computationally more efficient. Designed non-uniform filter bank provides better performance with less computational complexity. . Fig. 9 Amplitude distortion plot.
5.3.
The third example is also a 3-channel NUFB, but of different decimation factors. In this case decimation factors are (2, 6, 3) . Prototype filter with specification stop band attenuation (A s ) = 110dB, interpolation factor L=2 has been designed. The model and suppressor filter lengths are N m = 51 and N s = 19 respectively. In this case, non-uniform filter bank has been designed from six-channel uniform filter bank with, l 0 = 3, l 1 = 1, l 2 = 2, and 0 . The obtained value of maximum amplitude distortion is E max = 3.02x10 -3 and aliasing distortion is less than E aa = 2.67x10 -11 . The magnitude responses of prototype filter, NUFB, optimized value of amplitude distortion are shown in Fig. (10-12) . Table 2 provides a comparative performance between the proposed method and the methods in [5] . amplitude characteristics of analysis filters are shown in Fig. 3, Fig. 7 and Fig. 10 . The positive frequency range is clearly divided into 3 and 5 non-uniform bands. These filter banks have integer decimation factors with feasible partition. For the designs the Kaiser windowed LPF were used as initial filters for minimization of the performance function. Further, as a tool for optimization, the gradient algorithm was utilized. In cost effective design for the filter banks, IFIR approach is one of the techniques, which provides significant reduction in computational cost. In the proposed work same technique is introduced to provide the reduction in computation and improvement in the performance of the filter bank. It has been observed that the proposed method over existing one offer much better performance with reduction in computational complexity. As shown in Fig.13 . For all the three cases computational requirements in proposed method is minimum. Performance comparisons with previous publications [5, 11, 12, 19] given in Whereas, on the other hand, proposed method has limitation that it can only design NPR FBs. The method is efficient but do not achieve perfect reconstruction. The advantage of our method is that it can be used to design a feasible or non-feasible partition NUFB with good performance. (All the Tables and Fig. 13 are appended at the last).
Conclusion
A simple and computationally efficient design of NUFB is presented. In traditional design approaches, it is difficult to design the NUFB at high stop band attenuation above 100 dB. The proposed work eliminates this constraint by exploiting the design process of cosine modulation and obtained NUFB with a feasible partition property. The prototype filter is formulated as an interpolated FIR filter and is indirectly designed by varying the pass band edge of a low-order model filter. This method is suitable particularly for large number of channels where high order filters with unequal pass bands have to be designed with small distortion and aliasing. The proposed method is efficient and simple and guarantees high stop band attenuation while keeping the distortion and aliasing small. Such filter banks are needed in a wide variety of applications like speech coding and speech enhancement. The proposed technique is useful in variety of applications of audio and video field. Xie et al [5] 
